B
ilirubin is formed during the normal physiological degradation of heme. An inverse association between serum bilirubin concentrations and incidence of coronary artery disease was first described by Schwertner et al in 1994 . 1 Since this initial report, a number of epidemiological analyses have provided corroborating evidence that individuals with a higher serum bilirubin level exhibit a lower risk of cardiovascular events. [2] [3] [4] [5] Notably, heme oxygenase (HO), the rate-limiting enzyme in bilirubin synthesis, has an inducible isoform (HO-1) that plays an important role in attenuating inflammation, 6 including processes that can lead to atherogenesis. HO-1 induction has been shown to suppress venular leukocyte adhesion, an effect that is abolished by HO inhibitors and reconstituted by bilirubin, 7, 8 whereas knockdown of HO-1 accelerates plaque formation in apolipoprotein E (apoE)-deficient mice. 9 However, the molecular mechanism (s) by which the products of the HO-1 enzyme act to prevent atherosclerosis have yet to be delineated. Vascular cell adhesion molecule 1 (VCAM-1) is localized on the surface of activated endothelial cells and has been implicated as a key mediator of atherosclerosis. 10 It selectively binds to a 4 -containing integrins (a 4 b 1 , a 4 b 7 ) expressed by T lymphocytes and monocytes 11 and facilitates leukocyte migration into the vascular intima, an early and critical event in plaque formation. 12, 13 VCAM-1 is detected primarily at atherosclerosis-prone sites, 14 and targeted disruption of this adhesion molecule inhibits early plaque formation in lowdensity lipoprotein receptor-deficient (Ldlr À/À ) mice. 10 Integrin binding to VCAM-1 triggers a signaling cascade within the endothelial cell that results in the generation of superoxide (O 2˙À ) through activation of NAPDH oxidase (Nox). 15 The increase in intracellular reactive oxygen species (ROS) induces actin restructuring, leading to disruption of endothelial tight junctions and enabling leukocyte transmigration from the vessel lumen to the intima. 15, 16 Bilirubin is a potent chainbreaking antioxidant 17 that uniquely undergoes intracellular redox cycling, 18 facilitating the efficient consumption of ROS.
Our group has shown that bilirubin inhibits the transendothelial migration of murine lymphocytes in vitro 19 and also attenuates tissue injury in mouse models of VCAM-1-dependent inflammation. 19, 20 Based on these findings, we postulate that bilirubin's cardioprotective effect is derived from its ability to disrupt VCAM-1-mediated leukocyte migration by scavenging Nox-derived ROS. [19] [20] [21] Intercellular adhesion molecule 1 (ICAM-1) is another endothelial adhesion molecule that is upregulated at sites of atherosclerosis. 22 Studies have shown that levels of soluble ICAM-1 correlate with the extent of atherosclerosis in humans, 23 and that ICAM-1 knockdown is associated with a reduction in the size of vascular lesions in apoE-deficient mice. 24 The selective binding of a L b 2 integrin, which is expressed by lymphocytes, monocytes, and neutrophils, 25, 26 to ICAM-1 activates xanthine oxidase (XO) and generates O 2˙À and hydrogen peroxide (H 2 O 2 ) within the endothelial cell. 27, 28 While the effect of bilirubin on ICAM-1 signaling has not previously been studied, we speculate that it scavenges ICAM-1-dependent intracellular ROS in a manner analogous to what we have proposed for VCAM-1, thereby augmenting its ability to inhibit atherosclerosis. Monocytes represent one of the principal inflammatory cell types in early atherosclerotic plaques and are believed to play an important role in lesion progression. 13 T lymphocytes also contribute to atherogenesis by producing cytokines and chemokines that induce adhesion molecule expression and recruit inflammatory cells to sites of vascular injury. 29 Given that both monocytes and T cells express integrins that mediate binding to VCAM-1 and ICAM-1, 22 we postulate that bilirubin impedes atherogenesis by disrupting the trafficking of these leukocytes to the vascular intima. To test this hypothesis, we investigated the modulatory effect of bilirubin on VCAM-1-and ICAM-1-dependent monocyte migration in vitro and validated our findings by assessing the influence of bilirubin on the development of early atherosclerotic lesions in Ldlr À/À mice. Our data indicate that bilirubin impedes the migration of monocytes and lymphocytes to the vascular intima by scavenging ROS that mediate endothelial VCAM-1 and ICAM-1 signaling, suggesting a potential mechanism for the cardioprotective effects of bilirubin.
Materials and Methods

Materials
Unconjugated bilirubin (bilirubin IXa) was obtained from Porphyrin Products (Logan, UT) and further purified according to the method of McDonagh and Assisi 30 to eliminate potential lipid contaminants. Unless otherwise indicated, bilirubin was freshly prepared in 0.1 mol/L of potassium phosphate (pH 12), as previously described by our group. 19 The addition of a small aliquot (≤0.4% vol/vol) of this vehicle solution had no effect on the pH of the culture medium or on cell viability. 31 Recombinant human tumor necrosis factor a (TNF-a) was purchased from PeproTech (Rocky Hill, NJ) and solubilized in DMSO. Allopurinol (AP) was purchased from MP Biomedicals (Santa Ana, CA). ML171 (2-acetylphenothiazine) and mouse immunoglobulin G (IgG) were purchased from Calbiochem (San Diego, CA). Mouse anti-human CD18 (b 2 ; ab8220) and mouse anti-human CD49d (a 4 ; clone 2B4) were purchased from Abcam (Paris, France) and R&D Systems (Minneapolis, MN), respectively. Mouse anti-human VCAM-1 (clone P3C4) and mouse anti-human ICAM-1 (clone P2A4) were purchased from Millipore (Temecula, CA). CellTrace Far Red, dihydrorhodamine 123, Texas Red-dextran 10 000 molecular weight, and rhodamine 6G were obtained from Molecular Probes (Eugene, OR). Human serum albumin was purchased from Sigma-Aldrich (St. Louis, MO).
Cell Isolation and Culture
Human umbilical vein endothelial cells (HUVECs) were isolated from umbilical cords using type I collagenase. 32 Cells were grown in F-12K supplemented with 10% FCS, endothelial cell growth supplement (Corning, Bedford, MA), 0.1 mg/mL of heparin (Sigma-Aldrich), 100 IU of penicillin, and 100 lg/mL of streptomycin (Corning, Manassas, VA). All experiments were performed using cells pooled from multiple donors, passages 3 to 7. The human acute monocyte leukemia cell line, THP-1 (ATCC, Manassas, VA), was cultured in RPMI 1640 (Hyclone, Logan, UT) supplemented with 10% FCS, 1 mmol/L of L-glutamine, 100 IU of penicillin, and 100 lg/mL of streptomycin.
Immunoblot Analysis
Whole-cell lysates were prepared in modified RIPA buffer (50 mmol/L of HEPES, 20 mmol/L of pyrophosphate, 25 mmol/L of b-glycerophosphate, 50 mmol/L of NaF, 5 mmol/L of Na 2 MoO 4 , 5 mmol/L of EDTA, 150 mmol/L of orthophenanthrol, 1% NP-40, 2% deoxycholate, and 1% Triton X-100) in the presence of protease and phosphatase inhibitors. Protein concentrations were quantified using the Pierce BCA Protein Assay (Thermo Scientific, Waltham, MA). Samples (25 lg protein) were denatured, resolved on an 8% SDS-polyacrylamide gel, and then transferred to an Immunoblot PVDF membrane (Amersham Biosciences, Piscataway, NJ). Incubation with primary antibodies (rabbit anti-VCAM-1, mouse anti-ICAM-1, rabbit anti-E-Selectin, and mouse anti-GAPDH; Santa Cruz Biotechnology, Santa Cruz, CA) was performed for 2 hours, followed by HRP-linked anti-rabbit IgG or anti-mouse IgG (Bio-Rad, Hercules, CA) secondary antibodies for 40 minutes at room temperature. Immunoreactive bands were visualized by chemiluminescence using an Amersham ECL Prime Western Blotting Detection Kit (GE Healthcare, Pittsburgh, PA). Densitometry was performed using ChemiDoc MP System software (Bio-Rad).
Quantitative Reverse-Transcription Polymerase Chain Reaction Analysis Studies were performed in the presence of bilirubin (0-20 lmol/L) or vehicle, which was added to the medium (F-12K plus 0.1% human serum albumin) in both the upper and lower chambers. Transendothelial migration was quantified by measuring CellTrace fluorescence intensity (excitation, 625 nm; emission, 670 nm) in the lower chamber of the transwell at the indicated time intervals using a Biotek Synergy H1 reader. 35 The accuracy of the measurements was validated by direct cell count. Migration studies also were conducted in the presence of maximally effective concentrations of blocking antibodies to VCAM-1 (10 lg/mL), ICAM-1 (10 lg/mL), a 4 (20 lg/mL), and/or b 2 (5 lg/mL), which were added to the upper chamber of the transwell. As control, isotype antibody was found to have no effect on THP-1 migration. In experiments using maximally effective concentrations of the Nox inhibitor, ML171 (10 lmol/L), and/or the XO inhibitor, allopurinol (40 lmol/L), reagents were solubilized in DMSO and added to both the upper and lower chambers (final DMSO concentration, 0.05%).
Cell Adhesion Assay
HUVECs were seeded on 96-well plates (Thermo Scientific) at a density of 1910 4 cells per well and grown to confluence.
Monolayers were stimulated with 5 ng/mL of TNF-a for 24 hours in the presence of bilirubin or vehicle, after which THP-1 monocytes (1910 5 cells per well) labeled with 25 lmol/L of CellTrace Far Red were added. Following a 30-minute incubation at 37°C, nonadherent monocytes were removed by gently vortexing and aspirating the supernatant 3 sequential times, as previously described. 15, 19 Monolayers were then overlaid with 100 lL of PBS and adherence was quantified by measuring CellTrace fluorescence intensity.
Measurement of Cellular Reactive Oxygen Species by Confocal Microscopy
HUVECs were grown on 35-mm glass-bottomed culture dishes (Ibidi, Munich, Germany) and stimulated with 5 ng/ mL of TNF-a for 24 hours to induce adhesion molecule expression. Monolayers were subsequently washed and incubated in the presence or absence of 10 lg/mL of anti-VCAM-1 or anti-ICAM-1 antibody for 30 minutes at 37°C. Cells were then washed, loaded with 1 lmol/L dihydrorhodamine, and incubated in the presence of 20 lmol/L of bilirubin or vehicle in Phenol Red-free medium for 15 minutes. Additional studies were conducted in the presence of ML171 (10 lmol/L) or AP (40 lmol/L). Adhesion molecule activation was triggered by the addition of cross-linking goat anti-mouse (1:100) secondary antibodies (Pierce, Rockford, IL) and the subsequent time-dependent changes in dihydrorhodamine fluorescence intensity (excitation, 485 nm; emission, 525 nm) were quantified by confocal microscopy (Zeiss 7 LIVE; Carl Zeiss, Jena, Germany), as previously described. 
Xanthine Oxidase Inhibition Assay
XO activity was determined by colorimetric assay using an Amplex Red Xanthine/Xanthine Oxidase Assay Kit (Molecular Probes), according to the manufacturers' instructions. H 2 O 2 production was quantified by measuring absorbance at 571 nm. All reactions were conducted at room temperature for 15 minutes. Bilirubin and the XO inhibitors AP and 2-chloro-6(methylamino)purine (CMAP), were solubilized in DMSO. 
Murine Model of Atherosclerosis
Histological Analysis of Aortic Root Lesions
The heart and aorta were removed and prepared as previously described. 39, 40 Briefly, hearts were embedded in optimal cutting temperature compound (Tissue-Tek), frozen, and 7-lm sections obtained with a cryostat (Leica Biosystems, Wetzlar, Germany), commencing at the valve nubs and appearance of the coronary artery and continuing through the aortic sinus until the valve separates at the base. 40 4,6-diamidino-2-phenylindole (DAPI) counterstaining. Images were obtained using an Olympus BX61 microscope (Olympus, Tokyo, Japan). Quantitative analyses of the lesion area were performed on digitalized images using ImageJ software (National Institutes of Health, Bethesda, MD) and expressed as ratios of lesion area to total valve area or as ratios of compositional area to total lesion area, as previously described.
39,42 Determination of Serum Bilirubin, Lipid, Lipid Peroxide, and Chemokine Levels
Blood samples were collected at the time of euthanasia. Serum bilirubin levels were determined using the Sigma Diagnostics Total Bilirubin Assay Kit (Sigma Chemical), as previously described. 31 Serum chemokines (MCP-1, MIP-1a, and RANTES) were detected using an Immunology Multiplex Assay Kit (EMD Millipore), according to the manufacturer's instructions, and quantified by Luminex. 33 Serum total cholesterol and triglyceride levels were determined using Cholesterol Fluorometric Assay and Triglyceride Colorimetric Assay Kits, respectively (Cayman Chemical Co, Ann Arbor, MI). Serum malondialdehyde (MDA) concentration, a marker of lipid peroxidation, was quantified using a Lipid Peroxidation (MDA) Fluorometric Assay Kit (Abcam).
Statistical Analyses
Data were analyzed using a computer-based statistical package (SSI SigmaStat; Systat Software Inc, San Jose, CA) with differences between mean values assessed for statistical significance. For normally distributed data, one-way ANOVA with Holm-Sidak post-hoc analysis was used to correct for multiple hypothesis testing. For data that were not normally distributed, a nonparametric Kruskal-Wallis test was performed. Curve-fit analyses were conducted utilizing a mixed model with random effects as implemented in SAS PROC MIXED. Experiment ID was included as a random effect to define non-independent observations, with treatment, time, and a treatment9time interaction term included in the model. Identical results were obtained when the "repeated" statement was used.
Results
Induction of Adhesion Molecule Expression by HUVECs
To facilitate investigation of the effect of bilirubin on VCAM-1-and ICAM-1-mediated leukocyte migration in vitro, we first identified conditions that optimized expression of these 2 adhesion molecules. HUVEC monolayers were incubated in the presence of TNF-a, and cellular mRNA and protein levels for VCAM-1 and ICAM-1 were quantified by qRT-PCR and Western blotting. We simultaneously assessed for expression of PECAM-1, which also facilitates leukocyte transmigration, 43 and E-Selectin and P-Selectin, which mediate leukocyte rolling. 44 Consistent with previous reports, 45 TNF-a induced a marked increase in mRNA for E-Selectin, VCAM-1, and ICAM-1 at 4 hours, while expression of P-Selectin and PECAM-1 was unchanged ( Figure 1A and 1B) . Concordantly, protein levels of E-Selectin, VCAM-1, and ICAM-1 ( Figure 1C and 1D) were significantly elevated after 4 hours of TNF-a treatment, but only VCAM-1 and ICAM-1 exhibited sustained expression out to 24 hours. 46 To specifically facilitate an analysis of the effect of bilirubin on these 2 adhesion molecules, all subsequent experiments used a 24-hour incubation period.
Bilirubin Inhibits Monocyte Migration Across Endothelial Cell Monolayers
To determine whether bilirubin modulates human monocyte migration, HUVECs were seeded and grown in the upper chamber of a transwell system. CellTrace Far Red-labeled THP-1 monocytes were overlaid onto confluent HUVEC monolayers and the time course for transmigration was assessed by measuring fluorescence intensity in the lower chamber. Expression of VCAM-1 and ICAM-1 was stimulated by incubating HUVECs in the presence of TNF-a, which induced a significant increase in THP-1 cell migration (Figure 2A ). Bilirubin blocked TNF-a-stimulated monocyte migration in a dose-dependent manner ( Figure 2B ), with maximal inhibition achieved by bilirubin concentrations within the upper-normal physiological range (20 lmol/L %1.2 mg/dL). Release of cytokines and chemokines by activated endothelia fosters the recruitment of inflammatory cells that promote atherogenesis. 47 To determine whether bilirubin modulates endothelial cell production of cytokines relevant to leukocyte trafficking, we examined its effect on interleukin (IL)-6, IL-1b, IL-8, MCP-1, M-CSF, and RANTES release into the culture medium of TNF-a-activated HUVECs. As shown in Figure 3 , bilirubin did not alter the cellular generation of any of these cytokines, suggesting that it does not act by regulating inflammatory or chemotactic stimuli. Further support for this conclusion is provided by our finding that addition of MCP-1 to the lower chamber of the transwell did not augment bilirubin-inhibited THP-1 cell transmigration (data not shown).
Because transendothelial migration is predicated upon binding of leukocyte integrins to endothelial cell adhesion molecules, we investigated the influence of bilirubin on adhesion molecule expression. As shown in Figure 4 , incubation of HUVECs in the presence of bilirubin did not alter basal or TNF-a-stimulated mRNA or protein levels of VCAM-1, ICAM-1, PECAM-1, E-Selectin, or P-Selectin. Consistent with these findings, no effect of bilirubin on monocyte adhesion to untreated or TNF-a-stimulated HUVECs was observed (Figure 4A , lower right panel), indicating that bilirubin does not prevent monocyte migration by disrupting adhesion molecule expression or binding to leukocyte integrins.
Influence of Bilirubin on Endothelial Cell Reactive Oxygen Species Production in Response to Activation of VCAM-1 and ICAM-1
Because bilirubin is a potent antioxidant, 17 we assessed whether it is able to inhibit the generation of ROS (ie, O 2˙À , H 2 O 2 ) that mediate endothelial cell signaling through VCAM-1 (by activation of Nox) and/or ICAM-1 (by activation of XO). 15, 27, 28 To directly examine the influence of bilirubin on endothelial ROS signaling, TNF-a-activated HUVECs were incubated with anti-VCAM-1 or anti-ICAM-1 antibodies and then loaded with the redox-sensitive fluorophore, dihydrorhodamine. Adhesion molecule activation was triggered by the addition of cross-linking antibodies, 15, 19 and fluorescence intensity was quantified by confocal microscopy. As expected, activation of VCAM-1 ( Figure 5 , left panels) or ICAM-1 ( Figure 5 , right panels) produced a robust timedependent increase in cellular fluorescence (indicative of ROS generation) that was markedly attenuated by bilirubin ( Figure 5 , lower panels). To validate these findings, we utilized ML171, which specifically blocks Nox activity by interfering with the catalytic subunit (but without affecting other cellular ROS-producing enzymes), 48 and AP, a purine analog that competitively inhibits XO. 49 As anticipated, treatment with ML171 completely suppressed cellular ROS production in response to activation of VCAM-1 ( Figure 6A) while exerting no effect on ICAM-1-generated ROS ( Figure 6B ), whereas AP significantly abrogated ICAM-1-dependent ROS generation ( Figure 6B ) without altering VCAM-1-generated ROS ( Figure 6A ).
Relative Contribution of VCAM-1 and ICAM-1 to TNFa-Induced Monocyte Migration
To confirm that inhibition of VCAM-1 or ICAM-1 signaling disrupts monocyte transendothelial migration, and to delineate the relative contributions of VCAM-1 and ICAM-1 to this process, the effect of ML171 and/or AP on the movement of THP-1 cells across HUVEC monolayers was assessed using a transwell system. As shown in Figure 6C , treatment of HUVECs with maximal inhibitory concentrations of the Nox inhibitor, ML171, was associated with a substantial reduction in TNF-a-stimulated monocyte migration, whereas the XO inhibitor, AP, had minimal effect, supporting a primary role for VCAM-1 in monocyte transmigration. Consistent with these findings, incubation of HUVEC monolayers with anti-VCAM-1, but not anti-ICAM-1, caused significant inhibition of THP-1 cell migration, with modest synergy when both antibodies were combined ( Figure 6D ). These data were further validated using antibodies that specifically block leukocyte integrin binding to VCAM-1 (anti-a 4 ) or ICAM-1 (anti-b 2 ; Figure 6E ). While bilirubin has been shown to suppress Nox-mediated ROS production in vitro, 21 data regarding its effect on XO are lacking. Using an Amplex Red assay system, we studied the XO-catalyzed generation of H 2 O 2 . Reciprocal plots ( Figure 6F ) demonstrate that bilirubin inhibits XO-catalyzed H 2 O 2 production in a competitive manner, with potency nearly twice that of AP. Taken together, our results indicate that VCAM-1 constitutes the principal adhesion molecule mediating TNF-a-induced monocyte migration, and support the hypothesis that bilirubin inhibits monocyte transmigration by disrupting adhesion moleculedependent ROS signaling.
Effect of Bilirubin on the Development of Atherosclerotic Lesions in Ldlr À/À Mice
To determine whether bilirubin prevents atherogenesis in vivo, we used a murine model in which Ldlr À/À mice were fed a Western (high-fat) diet. We administered a once-daily dose of bilirubin (30 mg/kg), which produced a 3-fold increase (1.7 mg/dL%28.9 lmol/L) in steady-state serum levels (Figure 7A ). Mice received intraperitoneal bilirubin (n=7), vehicle (n=4), or sham (n=7) once-daily for a total of 8 weeks. All animals appeared outwardly healthy throughout the course of the study. There were no significant differences in body weight ( Figure 7B ), serum triglycerides ( Figure 7C ), or serum cholesterol ( Figure 7D ) between the treatment groups, although there was a strong trend toward reduced triglyceride levels in mice that received bilirubin. At the end of treatment, crosssectional analysis of Oil Red O-stained aortic root specimens from sham-and vehicle-treated mice demonstrated large, wellestablished atherosclerotic plaques ( Figure 8A ), while bilirubin-treated animals had significantly smaller lesions ( Figure 8A ) with reduced deposition of extracellular matrix and diminished numbers of smooth muscle cells ( Figure 8B and 8C). Mice that received bilirubin also had fewer CD68-( Figure 9A ) and CD3-positive ( Figure 9B ) positive leukocytes in aortic root lesions, despite unchanged expression of VCAM-1 and ICAM-1 ( Figure 10 ) and no differences in serum levels of the principal leukocyte chemoattractants, 50 MCP-1, MIP-1a, or RANTES ( Figure 11A through 11C ). These data suggest that bilirubin impedes infiltration of monocytes and lymphocytes into the aortic root in spite of adequate adhesion molecule expression and chemotactic stimuli. Bilirubin-treated animals also manifested significantly (albeit modestly) reduced serum indicators of lipid peroxidation ( Figure 11D ), and aortic root lesions from these mice exhibited substantially reduced immunoreactivity to chlorotyrosine and nitrotyrosine (Figure 9C and 9D) , markers of tissue oxidation. 39 These observations support a mitigating effect of bilirubin on oxidative and nitrosative stress and, when taken in conjunction with our finding that bilirubin suppresses VCAM-1-and ICAM-1-stimulated endothelial ROS production ( Figure 5 ), are consistent with the hypothesis that bilirubin prevents atherosclerotic plaque formation by inhibiting leukocyte migration through scavenging of ROS signaling intermediaries.
Discussion
Although numerous epidemiological studies have identified an inverse association between serum bilirubin levels and incidence of cardiovascular disease, 1-5 it has not previously been shown that bilirubin is able to prevent atherosclerosis. In the present studies, we demonstrate that administration of bilirubin to Ldlr À/À mice impedes plaque formation and significantly reduces the infiltration of monocytes and lymphocytes into aortic root lesions, processes that are VCAM-1-and ICAM-1-dependent. 12, 15, 51, 52 We further show that bilirubin effectively blocks VCAM-1-and ICAM-1-mediated migration of monocytes across activated endothelial monolayers at bilirubin concentrations (≤20 lmol/L) that are within the normal physiological range (women, 3-20 lmol/L; men, 5-29 lmol/L). 53 These findings correlate well with epidemiological data demonstrating that patients in the highest quartile of serum bilirubin (>12-17 lmol/L) exhibit a decreased incidence of coronary 1,2,4 and carotid 54 artery disease, as compared with those in the lowest quartile (<7-10 lmol/L). Concordantly, individuals possessing the prevalent Gilbert's polymorphism, which is associated with mildly elevated serum bilirubin levels as a consequence of reduced expression of the bilirubin-specific 1A1 isoform of UDPglucuronosyltransferase, 55 have been found to develop ischemic heart disease at significantly lower rates than the general population. 5, 56 Given that the recruitment and subendothelial accumulation of leukocytes are key initiating events in the formation of atherosclerotic plaques, 13,29 our findings suggest a potential mechanism as to how bilirubin exerts a cardioprotective effect.
Binding of leukocyte integrins to VCAM-1 or ICAM-1 has been shown to trigger signaling cascades that lead to production of superoxide and hydrogen peroxide within the endothelial cell. 28, 57 These ROS induce downstream alterations in the endothelial junctional structure that facilitate the transmigration of leukocytes. 20 Given that bilirubin is a potent, chain-breaking antioxidant, 17 we postulated that it would disrupt the endothelial response to adhesion molecule activation by scavenging superoxide and hydrogen peroxide signaling intermediaries ( Figure 12 ). Our demonstration that bilirubin attenuates ROS generation by activated HUVECs in response to VCAM-1 or ICAM-1 cross-linking and inhibits H 2 O 2 production by isolated XO enzyme supports this hypothesis. These findings are in line with previous studies in which bilirubin has been shown to suppress VCAM-1-dependent ROS generation by murine high endothelial cells 19 and scavenge Nox-derived O 2˙À and H 2 O 2 in murine macrophages. 21 That these mechanisms are relevant primarily at the tissue level in vivo are supported by the more pronounced inhibition by bilirubin of chlorinated and nitrosylated tyrosine formation in the aortic root, as compared with its modest effect on serum markers of lipid peroxidation. Our data demonstrating that bilirubin does not alter IL-6, IL-1b, or IL-8 production by HUVECs, and does not affect VCAM-1 or ICAM-1 expression in vitro or in vivo, suggest that bilirubin does not modulate endothelial activation. These findings are concordant with our previous work showing no impact of bilirubin on VCAM-1 expression by isolated murine 19 or human endothelial cells, 20 or in the pulmonary vasculature of mice with allergen-induced asthma. 19 Although we are unable to explain conflicting reports that bilirubin inhibits endothelial VCAM-1 and ICAM-1 expression in vitro, [58] [59] [60] our demonstration that bilirubin has no influence on monocyte adhesion to TNF-a-activated HUVEC monolayers under conditions where transmigration is maximally inhibited supports an effect exerted beyond the step of integrinadhesion molecule interaction. Our observations that bilirubin also does not modulate the production of the chemoattractants, MCP-1, M-CSF, and RANTES, by activated HUVECs, or circulating levels of MCP-1, MIP-1a, and RANTES in Ldlr À/À mice, are consistent with previous reports 19 and suggest that bilirubin does not inhibit leukocyte recruitment by regulating chemotactic stimuli. 61 As atherosclerotic lesions mature, smooth muscle cells infiltrate the intima, where they proliferate and produce extracellular matrix proteins (eg, collagen). 62 We found that bilirubin treatment was associated with a marked reduction in collagen deposition and in the number of smooth muscle cells in aortic root lesions, suggesting that bilirubin impedes plaque progression. While our data do not elucidate whether the decrease in plaque-associated smooth muscle cells results from impaired migration, induced apoptosis, or reduced proliferation, our findings are consistent with previous reports that bilirubin directly inhibits smooth muscle cell proliferation in vitro and in response to balloon injury in vivo. 63 Since it also has been shown that chlorotyrosine promotes aortic smooth muscle cell migration, 64 our demonstration that bilirubin reduces the formation of this oxidative by-product suggests an additional mechanism by which bilirubin may prevent plaque maturation. We note that Ldlr À/À mice treated with bilirubin manifested a strong trend toward reduced serum triglyceride concentrations. This finding is consistent with previous reports describing lower total triglyceride levels in congenitally hyperbilirubinemic rats, as well as in humans with elevated bilirubin levels. 65 Although a number of explanations as to how bilirubin may modulate lipid metabolism have been proposed, 65 data in support of these hypotheses remain scant. In summary, we show that bilirubin inhibits monocyte migration across activated human endothelial cells by disrupting VCAM-1 and ICAM-1 signaling through scavenging of Nox-and XO-generated ROS, findings that were recapitulated using specific enzyme inhibitors and blocking antibodies. We propose that this effect of bilirubin underlies the inverse association between serum bilirubin levels and cardiovascular disease, and have validated this hypothesis in a murine model of atherosclerosis, in which we show that treatment with bilirubin diminishes the number of monocytes, lymphocytes, and smooth muscle cells, decreases collagen deposition, and reduces oxidative stress in aortic root lesions, without altering adhesion molecule expression or circulating chemokine levels. While other antioxidants, such as tocopherols, 66 have the potential to exert similar effects, bilirubin is unique in its ability to readily diffuse into cells 67 and to be continuously regenerated by intracellular redox cycling through the action of the ubiquitous biliverdin reductase enzyme. 18 It is notable that endothelial adhesion molecules have been implicated in the pathogenesis of a number of inflammatory disorders, 10, 20, [68] [69] [70] [71] [72] and bilirubin has been shown to ameliorate animal models of VCAM-1-and ICAM-1-mediated inflammation, including colitis, 20 allergic pneumonitis, 19 and encephalomyelitis. 73 Given that the inducible isoform of HO-1, which catalyzes the rate-limiting step in bilirubin synthesis, appears to play a key role in attenuating inflammation, 74 we speculate that HO-1-generated bilirubin may serve a fundamental physiological function with regard to regulation of inflammatory responses.
